Glucose phosphorylation capacity is known to be in excess of glucose flux in Saccharomyces cerevisiae wild type but not in a mutant strain lacking the two hexokinases but still having glucokinase. Nonetheless, we show here that in the latter strain, as in the wild type, the internal concentration of glucose is apparently low during growth on glucose and that additional glucokinase activity does not increase glucose flux. The glucokinasedependent strain accumulates substantial amounts of glucose internally in batch culture after exhaustion of glucose, as well as from maltose. In both of these situations, low concentrations of radioactive glucose provided to the medium are used with incomplete, if any, mixing with the internal pool. Furthermore, in contrast to activity of hexokinase and other enzymes, little glucokinase activity is revealed by toluene treatment of cells.
activity of hexokinase and other enzymes, little glucokinase activity is revealed by toluene treatment of cells.
These results may point to a connection between glucose entry and its phosphorylation by glucokinase, but separate explanations for the various findings are also possible.
Saccharomyces cerevisiae has three glucose-phosphorylating enzymes: hexokinases 1 and 2 (which also phosphorylate fructose) and glucokinase (which does not); the three genes are HXK1, HXK2, and GLK1, respectively. Studies of mutants (e.g., reference 14) show that any single one of the three enzymes is adequate for growth on glucose. However, in the wild-type strain their individual roles are unclear, with hexokinase 2 predominating on glucose, hexokinase 1 being glucose repressible, and glucokinase showing lower levels of activity. As reported for a congenic series of null mutants (28) , in the wild-type strain the maximum glucose-phosphorylating capacity, measured in vitro, was more than twice the glucose flux during growth, while in a strain with only glucokinase, Vma and flux values were similar and low.
Those results suggest that while the kinases are normally in excess, in a strain with glucokinase alone it might limit the rate of glucose metabolism.
The present study is on the physiology of strains having only glucokinase. Certain of the findings do not fit with glucokinase activity directly limiting glucose utilization in such strains but point to linkage of uptake and phosphorylation.
MATERIALS AND METHODS
Strains, growth, and assays. The main strain was DFY568
[a hxkl::LEU2 hxk2::LEU2 (GLKJ) leu2-1 lysl-1], which depends on glucokinase for glucose phosphorylation. It is congenic with the usual wild-type strain employed in this laboratory, DFY1 (a lyssl-l), and with the triple-kinase null mutant strain DFY570 (28) . Another triple-kinase mutant was DFY469 (27) . The plasmids carrying GLK1 (pBW113) and HXK2 (pBW112) were reported previously (29) . Growth (in enriched medium R61), determinations of glucose and ethanol concentrations, rate of glucose use, in vitro assay of glucose phosphorylation (hexokinase or glucokinase) and glucose 6-phosphate dehydrogenase, preparation of extracts, and treatment with toluene were all described previously (28 30 min of vigorous shaking in a 370C bath [17] ) the buffer was 50 mM KH2PO4 (pH 7.4) containing 2 mM EDTA, i.e., lacking 2-mercaptoethanol and phenylmethylsulfonyl fluoride. This modification, which did not alter enzyme activities obtained in French press extracts, was employed because in the toluene treatment the presence of even 2 mM mercaptoethanol resulted in release of hexokinase 2 from the cells and because the presence of ethanol (the solvent for phenylmethylsulfonyl fluoride) caused a loss of kinase activity.
Acid-soluble metabolite pools were, except as noted, prepared by filtration, freezing, and perchloric acid extraction (22) , generally using 420 A580 units of cells (e.g., 420 ml of a culture at an A580 of 1) and Millipore RA120 filters. The frozen filter was extracted with 1 ml of 0.3 M perchloric acid containing 1 mM K2EDTA, neutralized with 0.1 volume of 3 M KHCO3, and centrifuged to remove perchlorate and debris. The cells were not washed on the filter. Determination of the volume of the trapped medium employed a variety of impermeable solutes ([14C] inulin, arabinose, gluconate, and alpha-ketoglutarate), while for determining total aqueous volume (internal plus trapped) 3H20 was used. For reasons of economy, these calibrations employed 1-ml volumes of washed cells at a high density (420A580 units per ml) which were incubated with the radioactive material, filtered, and extracted (as described above). Radioactivity in the filtrate and the extract was measured: for a total extract volume of ca. 1.7 ml deriving from 420A580 units of culture, the volume of internal plus trapped water was 0.6 ml and the trapped volume was 0.3 ml (ca. 0.2 ml trapped in the filter itself and 0.1 ml interstitial and periplasmic).
"Vectorial phosphorylation". For preloading with glucose from maltose (see Fig. 2 culture was further chilled to -4°C (4 min) and centrifuged (5 min). The pellet was resuspended in 10 ml of cold 0.3 M perchloric acid, glass beads were added, and the mixture was treated four times (30 s each) on a vortex mixer. After neutralization with potassium carbonate and centrifugation, the yellow supernatant was treated with 3 ml of activated charcoal (Darco) and filtered. Glucose and glucose 6-P were purified from this extract by a series of separations on 2-ml columns of AG1-X8-formate (Bio-Rad). The culture supernatant, extract, and flowthrough fraction from the first column were displayed by ascending paper chromatography (ammonium acetate-ethanol [6] ) and radioautography. Glucose in the flowthrough fractions from the first column was treated with glucokinase (Bacillus stearothennophilus, Sigma G-8877) plus MgCl2 and ATP, and the glucose 6-P was collected on a second column, eluted with ammonium formate, lyophilized, and reconverted to glucose by treatment with calf alkaline phosphatase (Boehringer 713-023). This glucose was collected as the flowthrough on a third column, again converted to glucose 6-P, and collected from a fourth column, and its specific activity was determined. Glucose 6-P from the first column was similarly purified by two cycles of dephosphorylation and rephosphorylation.
The constraints on this regimen were to have an adequate specific activity of the initial glucose and sufficient cells for rigorous purification of glucose and glucose 6-P from the extract, and to minimize the contribution of trapped radioactive glucose to the final extract. Filtration would have required many filters, each with its trapped medium. The low temperature slowed metabolism sufficiently to allow a relatively low initial concentration of added glucose (0.2 mM) and a high specific activity and yet not exhaust the glucose; assay showed 0.16 mM glucose in the medium after removal of the cells. For the experiment not involving maltose, 2 ,uCi of [U-14C]glucose was added directly to a 20-ml culture of strain DFY568 at 30°C in the phase of slow growth after glucose exhaustion (A580 of 20); the concentration of glucose in the medium at this time was 0.06 mM, and no carrier was added. Three minutes later, the cells were obtained by filtration, and the usual acid-soluble extract was displayed by paper chromatography.
RESULTS
Internal concentration of glucose. The concentration of glucose in wild-type S. cerevisiae growing on glucose is likely to be low (2) . This is the result expected for limiting facilitated diffusion followed by phosphorylation with a high Vmax and a low Km (see references 5 and 26). In fact (28) , the in vitro Vm. of phosphorylation in extracts was ca. 6 pumol/A580 unit/h), while the in vivo rate of glucose metabolism was ca. 2 pumol/A580 unit/h. In the strain with only glucokinase, however, the Vm. of glucose phosphorylation was ca. 1 pumol/A580 unit/h, as was the rate of glucose metabolism (28) , implying that internal and external glucose concentrations might be similar. This expectation was not confirmed.
The usual assay of internal metabolites in growing cultures uses a concentration step to provide adequate amounts. If this step, most often a filtration, is not followed by a washing procedure before extraction, then material already present in the medium would make a substantial contribution (0.3 ml to a final extract volume of 1.7 ml, or 18% of the medium concentration; see Materials and Methods). As shown in Table 1 (experiments 1, 2, 3a, and 4), this was the approximate value obtained for both wild-type and glucokinase strains, as if in the latter strain the internal glucose concen- Table 1 shows that a single wash before extraction removed most of the glucose.
One possible explanation for exclusion of glucose from the strain with only glucokinase might be that internal glucose was somehow toxic to growth and that secondary mutation to glucose resistance had been inadvertently selected. To reveal such suppressors, strain DFY568 was crossed with wild-type strain DFY1 and segregants were obtained, employing throughout a medium with galactose instead of glucose. Twelve complete tetrads showed normal segregation patterns of growth on fructose and glucose, and there was no evidence for glucose or fructose toxicity. Internal glucose was assessed in one such tetrad, a parental ditype, with the modification in method that instead of using the previous calibration with 3H20 for trapped-plus-internal volume, ethanol was determined in the same samples. (Internal and external ethanol concentrations are likely equal in S. cerevisiae [10] ). The relative ethanol volumes (extract to filtrate) were ca. 0.3 (i.e., in line with the previous calibration value of 0.6/1.7), and the relative glucose concentrations were, again, about one-half of that value, fitting with the glucose being largely external. Similar results were obtained for the glucokinase and wild-type segregants (Table 1, experiment 5) .
Therefore, contrary to the simplest expectation, the internal glucose concentration did not equilibrate with the external concentration in strains with only glucokinase.
Increase in amount of glucokinase. If glucokinase limited glucose metabolism in a strain with just the single glucokinase gene, would it be possible to increase metabolism by increasing the gene copy number? As shown in Table 2 (Fig. 1) and, growth being normal on glucose, external glucose might be preferentially phosphorylated. The experiments involved preincubation with (nonradioactive) maltose, addition of a low concentration of radioactive glucose, and determination of the specific activities of glucose and glucose 6-P in the cells (see Materials and Methods). Figure 2 shows a chromatogram of fractions from such an incubation, in which the added glucose had a specific activity of 6 x 10W cpm/nmol. Whereas at harvest only radioactive glucose was observed in the medium (Fig. 2, lane 2) , the extract (lane 3) had little if any radioactive glucose, several radioactive spots migrating like sugar phosphates, and a major spot migrating behind glucose. The latter material did not bind to an anion-exchange column (Fig. 2, lane 4) , and reference 12] . For discussions of metabolic factors influencing trehalose appearance, see references 7 and 30.) After purification (see Materials and Methods), the specific activities of glucose and glucose 6-P were, respectively, 8 x 101 and 2 x 103 cpm/nmol. Thus, glucose 6-P seemed to derive, at least in part, from the external pool without mixing with the internal pool. Internal glucose after glucose exhaustion. It was unexpected that after exhaustion of glucose from the culture, the strain with only glucokinase, DFY568, accumulated glucose internally (Table 3) ; as mentioned above, 2 mM in the extract would be ca. 11 mM in the cells. (In the wild-type strain DFY1, the amount was much smaller [ Table 3 ].) By assay, glucokinase activity in such cells was normal. Addition of radioactive glucose to the medium gave results similar to those in the maltose experiments: radioactive glucose was barely detectable in the extract, and the major radioactive material migrated like sugar phosphates and trehalose (Fig.  3) . In this experiment, the calculated internal concentrations of glucose and glucose 6-P were 6 and 0.4 mM, respectively, and again it appeared that there was preferential phosphorylation of glucose presented externally. (Table 4) . Failure of the glucokinase assay did not reflect sensitivity to toluene, since subsequent treatment with the French press revealed about one-half of the missing activity, no longer cell associated ( Table 4 ). The double treatment likewise released hexokinase 2 from the cells (Table 4) as well as glucose 6-P dehydrogenase (data not shown). 
DISCUSSION
In this work, dealing mainly with strains containing only glucokinase for glucose phosphorylation, the novel findings are as follows. (i) In growth on glucose, the internal glucose concentration was low. (ii) Although considerations of glucose flux and measured kinase activity suggest that glucokinase in normal amounts limits glucose metabolism, increasing the amount did not restore normal metabolism. (iii) Incubation with maltose was associated with a high internal concentration of glucose, and phosphorylation of glucose given externally did not involve its expected dilution by the internal glucose. (iv) Also, substantial glucose accumulated endogenously in such a strain and, as in item iii, externally presented glucose was preferentially used. (v) Glucokinase, in contrast with other enzymes, was barely revealed by treatment of cells with toluene, even though the treatment did not inactivate it.
One could imagine that in strains without the hexokinases entry of glucose involves its phosphorylation by glucokinase (as in Fig. 1 However, the notion that uptake and phosphorylation of a Strains were all grown in R61 medium with 2% glucose, and 1-g amounts (wet weight) were resuspended with 3 ml of buffer for the various treatments. Activities refer to 1-ml amounts of that suspension.
b Treatments: FP, French press (debris was sometimes removed by centrifugation before assay, but activities in the supernatant versus the uncentrifuged preparation differed by no more than 10%); T, toluene; Ts, supernatant after removal of toluene-treated cells by centrifugation; T/FP, toluene treatment followed by a French press treatment; and T/FPs, supernatant of the T/FP samples. For details, see Materials and Methods. Strains were as described for Table 2 . Glucose 6-PDH, glucose 6-P dehydrogenase.
c ND, not done.
glucose are not independent in yeast cells has an uneven history. One experimental line originated in the finding of inhibition of glucose uptake by cations such as uranyl (21) , and the idea of direct involvement of polyphosphate was explored intensively (24) . Another approach concerned metabolism of 2-deoxyglucose and whether the phosphorylated analog appeared in the cell before the free sugar; the most recent studies concluded, with thoughtful qualification, that it might have (8), at least in part (4) . The present experiments with radioactive glucose and preloaded cells advance that type of experiment in employing glucose rather than an analog. Yet another consideration was the apparent absence of high-affinity glucose uptake in strains lacking the three kinases (3, 13) . However, such data have been reasonably interpreted, instead, as resulting from the inhibition of uptake by the nonmetabolized substrate, with counterflow experiments showing the presence of high-affinity uptake (8a, 9) .
In that context, it may be that the present findings will also be explained other than by vectorial phosphorylation. For example, the fact that cells limited in kinase activity are not full of glucose might reflect an adjustment in expression or placement of transporters, as suggested for trypanosomes (26) . The lack of effect of increasing glucokinase could also be caused by a control on transporters, or extra enzyme might be nonfunctional in vivo for some other reason. Preloading experiments which seem to point directly to vectorial phosphorylation might be explained by the internal glucose being in a different compartment from glucokinase, perhaps in the vacuole (8, 25) ; trehalose is a possible source of glucose in the stationary-phase cells, and there is vacuoleassociated trehalase (11, 16) . Interpretation of the experiments with toluene is difficult anyway.
If, on the contrary, there does prove to be some type of physical kinase-transporter interaction, it may be weak. The yeast glucose-phosphorylating enzymes are conventional "cytoplasmic" enzymes employing ATP, and yeast glucose transporters catalyze facilitated diffusion (19) . However, although facilitated diffusion followed by capture superficially appears to be quite different from, for example, obligatory vectorial phosphorylation in the bacterial phosphoenolpyruvate phosphotransferase system, as structure and mechanism are clarified, similarities become more apparent (15, 18) , as anticipated (e.g., see reference 23).
